Isoliquiritigenin (2′,4′,4-trihydroxychalcone; ILG), a chalcone found in licorice root and many other plants, has shown potential chemopreventive activity through induction of phase II enzymes such as quinone reductase-1 in murine hepatoma cells. In this study, the in vivo metabolism of ILG was investigated in rats. In addition, ILG glucuronides and ILG-glutathione adducts were observed in human hepatocytes and in livers from rats treated with ILG. ILG glucuronides were detected in both plasma and rat liver tissues. In addition, in a full-term cancer chemoprevention study conducted with 7,12-dimethylbenz (a)anthracene-treated female Sprague-Dawley rats, dietary administration of ILG slightly increased tumor latency but had a negative effect on the incidence of mammary tumors starting at ∼65 days after 7,12-dimethylbenz(a)anthracene administration. Further, no significant induction of phase II enzymes was found in mammary glands, which is consistent with the low level of ILG observed in these tissues. However, ILG significantly induced quinone reductase-1 activity in the colon, and glutathione as well as glutathione S-transferase in the liver. Analysis of mRNA expression in tissues of rats treated with ILG supported these findings. These results suggest that ILG should be tested for chemopreventive efficacy in nonmammary models of cancer. Cancer Prev Res; 3(2); 221-32. ©2010 AACR.
Introduction
In our program for the discovery of novel plant-derived chemopreventive agents, induction of quinone reductase-1 (QR-1) has been used as one marker of activity (1) . Consequently, isoliquiritigenin (2′,4′,4-trihydroxychalcone; ILG), a flavonoid found in licorice (Glycyrrhiza uralensis), shallot, Sinofranchetia chinensis, Dalbergia odorifera, and soybean (2) (3) (4) (5) (6) , was shown to mediate significant chemopreventive activities, including the inhibition of carcinogeninduced lesion formation in a mouse mammary organ culture assay and an increase of chemically induced mammary tumor latency in rats (7, 8) . Subsequently, ILG was shown to induce QR-1 in two mutant cell lines less responsive to bifunctional inducers, indicating that ILG was devoid of cytochrome P450 (CYP)-activating properties. This induction was found to be regulated at the transcriptional level by interaction with the antioxidant response element (7) . In addition, ILG has shown potent antioxidant (9), anti-inflammatory (10), phytoestrogenic (11, 12) , tyrosinase inhibitory (13) , and cardiac properties (14) and exhibited significant inhibitory effects of carcinogenesis in various tumor models. It was also reported to induce cell cycle arrest and upregulate p21 expression in lung cancer cells (15) , suppress pulmonary metastasis of mouse renal cell carcinoma through activation of immune system (16) , and induce apoptosis in human gastric cancer cells (17) .
Although ILG is a promising antitumor agent, to date, no published report has described in vivo metabolism. However, phase I metabolites of ILG formed in vitro using human liver microsomes have been reported to include aromatic hydroxylation on the A ring to form 2′,4,4′,5′-tetrahydroxychalcone, aromatic hydroxylation on the B ring to form butein, reduction of the carbon-carbon double bond of the α,β-unsaturated ketone to form 2′,4,4′-trihydroxydihydrochalcone, and oxidation and cyclization to form (Z/E)-6,4′-dihydroxyaurone (18) . Some of these phase I metabolites might have pharmacologic activities distinct from ILG. In addition, phase II in vitro metabolism of ILG has been investigated, and ILG was found to form five monoglucuronides, including the two most abundant metabolites, ILG 4′-O-glucuronide and ILG 2′-O-glucuronide (19) . Here, we studied the metabolism of ILG and the conjugation of ILG with glutathione (GSH) with rats and in vitro models. In addition, following dietary administration of ILG to rats, the induction of phase II drug-metabolizing enzymes was determined in the liver, colon, and mammary glands through enzyme assays and real-time PCR analysis, and the effect on 7,12-dimethylbenz(a)anthracene (DMBA)-induced tumor formation was investigated. Some comparative data are presented from studies conducted with sulforamate (a monofunctional enzyme inducer) and 4′-bromoflavone (4′-BF; a bifunctional enzyme inducer).
Materials and Methods

Chemicals and biochemicals
ILG and authentic standards of the ILG metabolites butein and sulfarein were purchased from Indofine. High-performance liquid chromatography (HPLC)-grade solvents were purchased from Fisher Scientific. Sulforamate (20) and 4′-BF (21) were prepared as described previously. All other chemicals were purchased from Sigma-Aldrich. Rat liver microsomes and cryopreserved human hepatocytes were purchased from In Vitro Technologies.
To prepare a GSH conjugate of ILG, GSH (0.4 mmol) in methanol was added dropwise to a mixture containing ILG (1 mmol/L) and triethylamine (0.1 mL) in methanol (30 mL), and the reaction mixture was stirred at room temperature for 3 h. The solution was purified by flash chromatography on Sephadex LH-20 using methanol as the eluent, yielding a light yellow powder (39 mg, 20.7%) that was identified spectroscopically as an ILG-GSH adduct. Nuclear magnetic resonance spectra were obtained on a Bruker Avance 360 MHz nuclear magnetic resonance spectrometer. The structure of the ILG-GSH adduct was determined from proton and carbon one-dimensional nuclear magnetic resonance as well as 1 H-1 H COSY, 1 H-13 C two-dimensional gradient heteronuclear multiple quantum coherence, and long-range 1 H-13 C two-dimensional gradient heteronuclear multiple bond correlation (data not shown).
Cell culture
Rat hepatoma H4IIE cells were obtained from the American Type Culture Collection. Cells were cultured in MEM (Invitrogen) containing 10% heat-inactivated fetal bovine serum, nonessential amino acids, 1 mmol/L sodium pyruvate (BioWhittaker), 100 units/mL penicillin, and 100 μg/mL streptomycin (Life Technologies Invitrogen). The cells were maintained in a 5% CO 2 atmosphere at 37°C and tested routinely for Mycoplasma contamination.
To determine changes in GSH levels in the H4IIE cells in response to ILG exposure, 3 × 10 6 cells were treated with various concentrations of ILG and harvested after 24 h. Whole-cell pellets were lysed with 200 μL of buffer [100 mmol/L potassium phosphate buffer (pH 7.0) and 2 mmol/L EDTA] to obtain protein lysates, and protein concentrations were quantified using the Bradford method. GSH concentrations of the lysates were determined using a Cayman Chemical GSH assay kit. Briefly, GSH was measured using an enzymatic recycling procedure developed for the sensitive determination of total GSH levels in cells cultured in 96-well plates. The manufacturer's protocol was followed using 1 μg protein. A GSH standard curve was constructed, and GSH levels were expressed as μmol/L.
Inhibition of DMBA-induced mammary carcinogenesis in rats
Virgin female Sprague-Dawley rats were received from Harlan at 35 d of age and placed on a diet of Teklad 4% rat/mouse chow. After 1 wk (42 d of age), animals were randomized by weight into five groups and placed on experimental diets containing 7.5 or 10.0 g ILG/kg diet. At 50 d of age, the animals received a single i.g. dose of DMBA (15 mg) in sesame oil (or vehicle only) following an overnight fast. The rats were maintained on the ILG diets until the end of the study (85 d after DMBA). During the experimental period, all animals were weighed weekly. Palpation for mammary tumors began 3 wk after the animals received DMBA and continued until termination of the study. The dates of appearance and locations of all tumors were recorded. Animals were observed twice daily to assess their general health. Moribund animals were sacrificed by CO 2 asphyxiation. Moribund animals or animals found dead were necropsied immediately. At the end of the study, tissues (liver, colon, and mammary gland) were collected, rinsed with saline, frozen in liquid nitrogen, and stored at −80°C until analysis. Blood samples were also collected, and the concentration of ILG in plasma was determined by using liquid chromatography-mass spectrometry (LC-MS).
Analysis of QR-1 activity, glutathione S-transferase activity, and GSH level in rat tissues
Samples of liver and colon from the treated rats were homogenized in 0.25 mol/L sucrose and centrifuged at 15,000 × g for 30 min at 4°C. The supernatant fractions were collected, and 0.1 mol/L CaCl 2 in 0.25 mol/L sucrose was added (20% by volume total). After incubation at 0°C for 30 min and further centrifugation at 15,000 × g for 30 min at 4°C, a clear cytosolic fraction was obtained for enzyme assays. Mammary glands of each animal were pooled, homogenized in 1 mL of ice-cold 0.1 mol/L phosphate buffer (pH 6.5), and centrifuged (15,000 × g, 30 min at 4°C) to yield clear supernatant fractions suitable for enzyme assays. Protein concentrations were determined using the Bradford method. QR-1 activity was measured in 50 μL of a suitable dilution of the tissue supernatant as described previously (20) . Glutathione S-transferase (GST) activity was determined using the Cayman GST assay kit as described for the cellular system.
Microsomal incubations
Incubations with rat liver microsomes contained 0.5 mg/mL of microsomal protein, 10 μmol/L ILG, and 1 mmol/L NADPH in 50 mmol/L phosphate buffer (pH 7.4) in a total volume of 0.4 mL. The reactions were initiated by addition of NADPH (1 mmol/L) after a 5-min preincubation and carried out at 37°C for 40 min. The incubations were terminated by adding 1.6 mL of an icecold mixture of acetonitrile/ethanol (1:1, v/v) and chilling the resulting mixture on ice. After centrifugation to remove precipitated proteins, the supernatant was evaporated to dryness in vacuo. Each residue was reconstituted in 150 μL of HPLC mobile phase immediately before analysis using LC-MS/MS.
Glucuronidation of ILG by rat liver microsomes
In vitro glucuronidation of ILG was carried out using rat liver enzymes as described previously with some minor modifications (19) . In brief, 0.4 mg of rat liver microsomes, 25 μg/mL of alamethicin, and 146 μL of 0.1 mmol/L phosphate buffer (pH 7.4) were mixed and placed on ice for 15 min. Next, MgCl 2 (8 mmol/L), 5 mmol/L saccharic acid, and 10 μmol/L ILG were added to the mixture and preincubated at 37°C for 3 min. Reactions were initiated by adding UDP glucuronic acid (UDP-GA; 5 mmol/L final concentration) in a total volume of 200 μL. After 20 min, reactions were terminated by the addition of 0.8 mL ice-cold methanol/acetonitrile (1:1, v/v). After centrifugation to remove precipitated proteins, the supernatant was evaporated to dryness in vacuo. Each residue was reconstituted in 150 μL of HPLC mobile phase immediately before analysis using LC-MS/MS. All incubations were carried out at least thrice.
Metabolism of isoliquiritigenin by human hepatocytes
Cryopreserved human hepatocytes were thawed according to the supplier's instructions, and ∼1 × 10 6 cells in a 1-mL suspension were incubated with ILG (10 μmol/L) per well of a six-well plate. Control experiments were identical except for the substitution of heat-inactivated hepatocytes. The plate was placed in an incubator at 37°C with 5% CO 2 and 90% relative humidity and gently shaken at 50 rpm for 4 h. Incubations were terminated by addition of 3 mL of ice-cold methanol/acetonitrile (1:1, v/v). The cell suspensions were centrifuged, and aliquots of the supernatants were analyzed directly using LC-MS/MS.
Quantification of isoliquiritigenin in rat plasma and tissue samples
Rat blood was centrifuged for 15 min at 3,000 × g and 4°C, and plasma was collected. Ice-cold methanol (125 μL) containing 0.5 μmol/L naringenin as internal standard was added to rat plasma (25 μL) to precipitate protein. After centrifugation at 10,000 × g for 10 min, the supernatant was removed and analyzed using LC-MS/MS. Blank rat plasma, added to concentrations of ILG from 1.0 to 1,000 ng/mL, was used for calibration curves and quality control analyses.
Each rat liver or mammary gland was weighted accurately and homogenized in phosphate buffer (0.1 mol/L, pH 7.4). Then, naringenin (2 μL, 2.5 μmol/L) was added as internal standard. Ice-cold methanol (125 μL) was added to each homogenate (25 μL) to precipitate the proteins. After centrifugation at 10,000 × g for 10 min, the supernatant was removed and analyzed using LC-MS/MS as described below. Blank rat liver homogenate, added to concentrations of ILG from 1 to 500 ng/mL, was used for calibration curves and quality control analyses.
Real-time PCR analysis of mRNA expression
At 42 d of age, female Sprague-Dawley rats (n = 3) were treated by gavage with 0.2 mL of vehicle (ethanol/ PEG400; 10:90, v/v) or test compound (ILG, 800 mg/kg; 4′-BF, 400 mg/kg; sulforamate, 200 mg/kg) for 4 d. Animals were weighed and sacrificed by cervical dislocation. Tissues (liver, mammary gland, and colon) were collected, rinsed with saline, frozen in liquid nitrogen, and stored at −80°C until analyzed. Mammary glands from each animal were pooled, and all tissues were homogenized in 1 mL of Trizol reagent (Invitrogen). RNA was isolated via a phenol/chloroform extraction, further purified using a RT 2 qPCR-Grade RNA Isolation kit (SA Biosciences), and quantified by UV absorbance. Reverse transcription was done to obtain cDNA via an RT 2 First Strand kit (SA Biosciences). One part of appropriately diluted cDNA was added to 12 parts of master mix and 11 parts of deionized water. This mixture was pipetted into an SA Biosciences rat drug metabolism PCR array and cycled in an Applied Biosystems 7300 Real-time PCR apparatus using primers for β-actin as an internal control, and C t and fold change values were obtained. Each tissue was analyzed individually. The results of individual tissues agreed within 10%. The values for each dosage group were averaged to allow for statistical analysis. Fold change values reported as significant have a P value of <0.05 when they vary from 1 (unity) by ≥0.5.
LC-MS and LC-MS/MS
High-resolution accurate mass measurements were obtained using LC-MS and LC-MS/MS with a Micromass Q-TOF2 quadrupole time-of-flight hybrid mass spectrometer or a Thermo Finnigan LTQ FT-ICR hybrid mass spectrometer equipped with either a Waters 2690 HPLC system or a Shimadzu HPLC system incorporating LC-10ADvp pumps and a LC PAL (CTC Analytics) autosampler, respectively. Both positive and negative ion electrospray mass spectra were recorded. ILG and its metabolites were separated using reversed-phase HPLC on an Agilent ZORBAX SB 2.1 × 100 mm C 18 column (3.5-μm particle size) with a linear solvent gradient system from 0.1% formic acid in water to methanol as follows: 20% to 70% methanol over 25 min and then 70% to 95% methanol over an additional 10 min. The flow rate was 0.2 mL/min, the column temperature was 30°C, and the autosampler was maintained at 4°C. After determining the elemental compositions of each ILG metabolite, product ion tandem mass spectra were obtained for structural characterization. Specifically, the LTQ FT-ICR mass spectrometer was used for datadependent MS/MS analysis in which the most abundant ions in each mass spectrum were selected for collisioninduced dissociation.
Based on high-resolution accurate mass measurements, MS/MS analyses, comparison with standards, and the studies of ILG metabolism reported previously by Guo et al. (18, 19) , several ILG metabolites were identified in incubations with rat liver microsomes. These ILG metabolites were then profiled using an Applied Biosystems API For LC-MS/MS quantitative analysis of ILG, the HPLC separation was optimized to consist of a 10-min linear gradient from 60% to 90% methanol in 0.1% aqueous formic acid followed by 90% methanol for 5 min. The flow rate was 0.3 mL/min and the injection volume was 10 μL. The SRM transitions of m/z 255 to 119 and m/z 253 to 151 were measured for ILG and naringenin (internal standard), respectively. The ILG LC-MS/MS standard curve (using spiked rat plasma) was linear (r 2 > 0.999) over the concentration range 1.0 to 1,000 ng/mL. The limit of detection of ILG was 2 pg (7.8 fmol) injected on column (200 pg/mL, 10 μL injection volume), and the limit of quantitation was 5 pg (20 fmol, 500 pg/mL, 10 μL injection volume). In addition to LC-MS/MS with SRM, precursor ion scanning was used on a triple quadrupole mass spectrometer to detect GSH conjugates that fragmented to form characteristic GSH ions of m/z of 308 (22) .
Statistical analysis
Data were expressed as mean ± SD and analyzed through one-way ANOVA followed by pairwise comparisons made with Dunnett's test using the Statistical Analysis System statistical package (SAS Institute). All of the tests were two-sided, and a P value of <0.05 was considered to be significant.
Results
Induction of GSH levels in rat hepatoma cells
Because ILG had been determined previously to induce QR-1 activity in mouse hepatoma cells (7), we investigated the potential of ILG to induce GSH levels in cultured H4IIE rat hepatoma cells. The induction profile, shown in Fig. 1 , indicates that ILG induces GSH levels in a dose-dependent manner in the concentration range of 40 to 160 μmol/L with a maximum of 2.5-fold induction at the highest concentration tested. 4′-BF (10 μmol/L) was used as a positive control and showed a significant increase in GSH levels.
In vitro metabolism of ILG
Selected reaction mass chromatograms for the negative ion electrospray LC-MS/MS analysis of an incubation of ILG with rat liver microsomes in the presence of NADPH are shown in Fig. 2A . Four major (M1, M3, M4, and M6) and three minor (M2, M5, and M7) phase I metabolites were detected. By comparison of the HPLC retention times, elemental compositions (based on accurate mass measurements), and tandem mass spectra of these ILG metabolites with those reported previously for incubations with human liver microsomes (18) , the structures of these seven metabolites were assigned as liquiritigenin (M1), 2′,4,4′,5′-tetrahydroxychalcone (M2), sulfuretin (M3), butein (M4), davidigenin (M5), trans-6,4′-dihydroxyaurone (M6), and cis-6,4′-dihydroxyaurone (M7). The structures of these ILG phase I metabolites are shown in Fig. 3 .
The LC-MS/MS analysis of ILG metabolites formed during incubation with rat liver microsomes and UDPGA is shown in Fig. 2B . The structures of these glucuronides (Fig. 3) were determined by comparison of their elemental compositions, HPLC retention times, and tandem mass spectra with those reported previously (19) . Metabolites MG3, MG4, and MG5 corresponded to monoglucuronides with conjugation at one of the three hydroxyl groups of ILG to form 4-glucuronosylisoliquiritigenin, 2′-glucuronosylisoliquiritigenin, and 4′-glucuronosylisoliquiritigenin, respectively. After cyclization of ILG during incubation to form liquiritigenin, monoglucuronidation on liquiritigenin occurred to form MG1 and MG2. However, which liquiritigenin glucuronide corresponded to MG1 or MG2 was not determined.
Because ILG contains an electrophilic α,β-unsaturated ketone, it might react with intracellular GSH to form conjugates. To investigate this possibility, ILG was incubated with human hepatocytes and then positive ion electrospray LC-MS/MS was used with precursor ion scanning to detect GSH conjugates that fragmented to form protonated GSH at m/z 308. During LC-MS/MS, two abundant GSH conjugates (designated GSH1 and GSH2) were detected, eluting at 15.1 and 13.8 minutes, with protonated molecules of m/z 564 and 580, respectively (Fig. 4) . Based on accurate mass measurements, GSH2 was found to contain one oxygen atom more than GSH1. The product ion tandem mass spectra of GSH1 and GSH2 (data not shown) showed base peaks at m/z 308.1 corresponding to protonated GSH. Ions of lower abundance were detected in both tandem mass spectra at m/z 179 and 233 corresponding to losses of 129 or 75 from protonated GSH. In addition, losses of 129 or 75 from protonated GSH1 and GSH2 were also observed at m/z 489 or 505 and m/z 435 or 451, respectively (see structures in Fig. 4 ). These fragment ions are class characteristic of GSH conjugates (23) . Combined with accurate mass measurements, these fragmentation patterns confirmed that GSH1 and GSH2 were GSH conjugates.
The GSH1 product ion of m/z 257 (data not shown) corresponded to the protonated molecule of ILG after loss of GSH. A similar ion of m/z 273 in the tandem mass spectrum of GSH2 indicated that this compound was a GSH conjugate of a monooxygenated metabolite of ILG. The product ion of m/z 137 in both tandem mass spectra, which corresponded to the A ring (Fig. 4) , showed that the A ring of the ILG precursor was unchanged and that the site of monooxygenation was probably on the B ring. The structure of GSH1 was confirmed to be a GSH conjugate of ILG (see the structure in Fig. 4 ) by comparing the elemental compositions, LC-MS retention times and MS/ MS fragmentation patterns with those of a synthetic standard. Because butein is the most abundant monohydroxylated metabolite of ILG (18) , GSH2 was probably a GSH conjugate of butein (see structure in Fig. 4) , although no synthetic standard was available for confirmation.
Metabolism of ILG in the rat
After administration of ILG to rats, plasma samples were obtained and then analyzed using high-resolution LC-MS. In rat plasma, unconjugated ILG (data not shown) and five monoglucuronide derivatives were detected (Fig. 2C) . Among the five glucuronides, 4′-glucuronosylisoliquiritigenin (MG5) was the most abundant. These findings are similar to those obtained from the in vitro studies in which the same five monoglucuronides were observed in similar proportions (Fig. 2B) . In addition to the ILG glucuronides, at least two partially resolved ILG sulfate conjugates were observed eluting at 14.9 and 15.6 minutes, and a third and more abundant sulfate conjugate was detected at a retention time of 17.9 minutes (Fig. 2C) . Isoliquiritigenin sulfate conjugates were not observed in the incubations with human hepatocytes, perhaps due to species differences. Because standards were not available for the sulfate conjugates, the specific sites of sulfation of ILG were not determined.
Finally, plasma and liver homogenates from rats treated with ILG were analyzed for GSH conjugates of isoliquiritigenin. Although no GSH conjugates of ILG were detected in plasma, one GSH conjugate of ILG of m/z 562 was detected in an extract of homogenized rat liver using LC-MS/ MS in negative ion mode (see Fig. 4C ). The elemental composition of this peak was determined to be identical to GSH1 using high-resolution accurate mass measurement MS, and the structure of this metabolite was confirmed to be GSH1 by comparison of LC-MS/MS retention time and fragmentation pattern to the synthetic standard. The GSH2 that was observed in human hepatocyte incubations was not detected in rat liver.
Quantitative analysis of isoliquiritigenin in rat plasma and tissues
The concentrations of ILG in rat plasma and tissue samples were determined using LC-MS/MS ( Table 1 ). The levels of ILG in plasma varied according to dosage. ILG was detected in plasma from rats receiving both dosages of ILG, and no ILG was detected in the control group receiving rat chow without ILG. The highest plasma concentration of ILG, 134.6 ± 47.2 ng/mL, corresponded to a dosage of 10.0 g ILG/kg diet, and the lowest ILG concentration of 57.81 ± 19.65 ng/mL corresponded to a dosage of 7.5 g ILG/kg diet (Table 1 ). There was no statistical difference with respect to ILG levels in plasma between the group of rats administered DMBA and 10.0 g ILG/kg diet and the group administered only 10.0 g ILG/kg diet, indicating that DMBA exposure had no effect on the bioavailability of ILG.
Like plasma, ILG was detected in liver and mammary tissue from rats treated with either dosage of ILG, and the levels of ILG in the tissue samples showed dose dependence (Table 1) . Although ILG was detected in rat mammary tissue, the ILG level in the mammary tissue was significantly lower than that found in liver tissue. This result indicated that ILG was not concentrated in rat mammary tissue.
Effect of ILG on DMBA-induced mammary carcinogenesis
In a preliminary study, administration of ILG (5.0 g/kg diet) for 1 week before and then 1 week after a single dose of DMBA increased tumor latency in Sprague-Dawley rats but had little effect on the incidence of mammary tumors after 120 days (7) . Based on these early data, a full-term carcinogenesis study with chronic administration schedules was done. Because no adverse effects were detected at the 5.0 g/kg diet level, even higher doses were selected (7.5 and 10 g/kg diet) to assess efficacy. As shown in Fig. 5A and B, administration of ILG during the entire study increased tumor latency, which confirmed the previous results (7) . However, administration of ILG increased the overall tumor incidence and multiplicity in Sprague-Dawley rats after 84 days. There were no significant differences in body weight between the different groups (Fig. 5C ).
In vivo induction of drug-metabolizing enzymes
Based on the in vitro activities, we investigated the potential of ILG to induce higher steady-state levels of QR-1, GST, and GSH in rat liver, colon, and mammary gland tissues. Tissues of six rats per group were taken at the end of the in vivo study. In the colon, QR-1 activity was significantly elevated as a result of treatment with ILG, whereas no significant induction of QR-1 activity was found in the liver or mammary gland tissues (Fig. 6A) . At a dose of 10.0 g/kg diet, GST activity and GSH levels were found to be significantly elevated only in the liver (Fig. 6B and C) .
Analysis of mRNA expression
Real-time PCR was done to compare mRNA expression in liver, colon, and mammary tissues collected from SpragueDawley rats treated with either ILG, 4′-BF, or sulforamate with tissues from vehicle-treated rats (Table 2) . Sulforamate (20, 21) and 4′-BF (24, 25) were selected for comparison based on their potential to serve as monofunctional or bifunctional enzyme inducers, respectively. Upregulation was seen in genes for several phase II detoxifying enzymes with ILG treatment, particularly Nqo1 (QR-1), which was induced in all three tissues examined. Especially in the colon, a 54.8-fold increase compares favorably with the 49.0-fold increase induced by 4′-BF. The fold change of Gstp1 (glutathione S-transferase π1) of 2.62 in colon tissue is slightly lower than tissue treated with 4′-BF (4.06) but comparable with tissues treated with sulforamate (2.52).
Increased expression of another phase II gene, Gpx5 (glutathione peroxidase 5), was seen in mammary tissue with a fold increase of 2.33, similar to 4′-BF and sulforamate, with 2.51-and 2.59-fold increases, respectively. In addition, six CYP genes from subfamilies 2 and 3 were downregulated. This trend was also seen in the expression of CYP genes in tissues treated with the two positive controls. The CYP19a1 gene was significantly upregulated in tissues treated with ILG, showing a 41.5-fold increase, as compared with 4.95-and 2.34-fold increases with 4′-BF and sulforamate, respectively. In liver tissue from animals treated with ILG, CYP1a1 was upregulated by a 5.14-fold increase, slightly higher than the 2.97-fold increase produced by treatment Fig. 2 . A, negative ion electrospray SRM LC-MS/MS chromatograms showing detection of phase I metabolites M1 to M7 of ILG after incubation with rat liver microsomes in the presence of NADPH. B, mass chromatograms of ILG phase II glucuronide conjugates formed by rat liver microsomes in the presence of UDPGA. Metabolites MG3, MG4, and MG5 correspond to 4-glucuronosylisoliquiritigenin, 2′-glucuronosylisoliquiritigenin, and 4′-glucuronosylisoliquiritigenin, respectively, and MG1 and MG2 are monoglucuronides of liquiritigenin (see structures in Fig. 3 ). C, computer-reconstructed selected ion chromatograms of ILG glucuronides and sulfate conjugates detected in rat plasma using high-resolution LC-MS with negative ion electrospray. Although different HPLC systems were used for B and C, the same five glucuronide conjugates were detected in rats as were observed with in vitro systems. Fig. 3 . A, phase I metabolites of ILG formed during incubation with rat liver microsomes and NADPH. Based on accurate mass measurements, HPLC retention times, MS/MS analyses, and comparison with data reported by Guo et al. (18) , the structures of metabolites M1, M2, M3, M4, M5, M6, and M7 were assigned as liquiritigenin, 7,8,4′-trihydroxychalcone, sulfuretin, 7,3′,4′-trihydroxychalcone, davidigenin, trans-6,4′-dihydroxyaurone, and cis-6,4′-dihydroxyaurone, respectively. B, structures of ILG glucuronide conjugates formed by rat liver microsomes in the presence of UDPGA.
with sulforamate but much lower than the 3,760-fold increase produced by treatment with 4′-BF.
Discussion
In our search for novel cancer chemopreventive agents, ILG, a compound isolated from Dipteryx odorata (Aubl.) Willd. (tonka bean) but also present in licorice and shallots, was found to significantly induce QR-1 activity in mouse Hepa 1c1c7 cells (CD: 2 μmol/L; ref. 7) . Identical results in two mutant cell lines less responsive to bifunctional inducers, which induce phase I as well as phase II drugmetabolizing enzymes, indicated that ILG was devoid of CYP-activating properties. In addition, treatment with ILG significantly induced luciferase expression via interaction with the antioxidant response element in a dose-dependent manner and did not show any cytotoxicity (7) . In addition, ILG exhibited a significant response in a carcinogen-treated mouse mammary organ culture assay (76% inhibition at 10 μg/mL; ref. 8) and inhibited azoxymethane-induced Table 1 . Concentrations of ILG in rat plasma, liver, and mammary tissue murine colon carcinogenesis and azoxymethane-induced murine colon aberrant crypt focus formation (26) . This compound has also been found to suppress metastasis in a pulmonary metastasis model of mouse renal cell carcinoma and to prevent severe 5-fluorouracil-induced leukocytopenia in this model (16) . Based on these results, as well as an increase in tumor latency in rats using the DMBAinduced mammary tumorigenesis model, studies of the metabolism of ILG and a full-term carcinogenesis study with chronic administration schedules were pursued. Studies of in vitro cytotoxicity of hydroxychalcones have suggested that they deplete intracellular GSH levels (27) . Whereas most hydroxychalcones tested significantly depleted GSH in hepatocytes, ILG reduced GSH concentrations only slightly. In our study, measurements of total GSH in rat hepatoma cells showed a significant increase at doses of 80 μmol/L ILG or higher (Fig. 1) . Furthermore, dietary ILG significantly enhanced GSH levels in the rat liver (Fig. 6 ). These observations indicate that ILG might be less toxic than most other hydroxychalcones.
In the in vitro metabolic profiling studies, seven phase I metabolites and five glucuronic acid conjugates of ILG were detected in the rat liver microsomal incubation. ILG and abundant monoglucuronides (MG1-MG5) were also detected in the liver and plasma of rats treated with ILG. In addition, significant conjugation of ILG with , and GSH levels (C) in rat liver (black columns), colon (white columns), and mammary gland (striped columns). Induction was calculated by comparing group 2 (DMBA and 7.5 g/kg diet of ILG) and group 3 (DMBA and 10.0 g/kg diet of ILG) with group 1 (DMBA in sesame oil), and group 4 (10.0 g/kg diet of ILG) with group 5 (basal diet). Treatment groups were significantly different (P < 0.05) from the DMBA-only control group 1 (*) or from the basal diet control group 5 (**) with n = 6.
sulfate was observed to occur in rats, although sulfation was not predicted by previous human hepatocytes studies (19) , perhaps due to interspecies differences. Therefore, rapid conjugation of ILG with glucuronic acid might explain its relatively low in vivo chemopreventive activity compared with in vitro studies. Moreover, the low level of ILG in rat mammary gland tissue indicates that ILG does not concentrate in the target organ, which is another explanation for the low chemopreventive activity of ILG in the rat mammary gland tumorigenesis model.
Although ILG was reported to deplete GSH in isolated rat hepatocytes (28) , there had been no evidence that GSH conjugates of ILG were formed in these cells. In the present studies, ILG-GSH was shown to be formed both in isolated hepatocytes and in the liver of rats. Previously, ILG had only been reported to form GSH adducts in wheat (23) .
ILG was evaluated in the DMBA-induced rat mammary tumorigenesis model with chronic administration schedules. Administration of ILG slightly increased tumor latency in Sprague-Dawley rats but had a negative effect on the incidence of mammary tumors, starting ∼65 days after DMBA. The reason for this enhanced response is not known. However, the estrogenic activity of ILG has been reported in various systems (12, 28) . In MCF-7 cells, for example, low and intermediate ILG concentrations showed estrogen receptor-dependent growth-promoting effects; higher doses were cytotoxic (12) . In the present studies, the concentrations of ILG observed in rat plasma and tissue samples were dose dependent. Thus, the activity of ILG and the balance between risk and chemoprevention for estrogen-dependent breast cancer might depend on dietary intake or the rate of elimination. The fact that ILG had little effect on phase II enzyme levels in rat mammary glands might be due to insufficient amounts of unmetabolized ILG reaching this site. However, significant induction of QR-1 was found in the colon, and significant increases of GST and GSH were observed in the liver, which were probably the result of exposure of these organs to much higher levels of ILG.
Analysis of mRNA expression in tissues collected from Sprague-Dawley rats treated with either ILG, 4′-BF, or sulforamate supported data from cell culture studies. The upregulation of genes encoding phase II detoxification enzymes (QR-1 and Gstp1) in liver, colon, and mammary tissues of rats treated with isoliquiritigenin indicates that ILG treatment may increase detoxification and help to prevent carcinogen formation. The fold increases in expression of these genes with ILG treatment compare favorably with those resulting from sulforamate There are several additional indications that ILG could have a chemopreventive effect in mammary tissue. These include increased expression of Gpx5 and downregulation of several CYP genes. Decreased expression of CYP genes, which encode phase I enzymes that can activate procarcinogens, suggests chemopreventive potential. CYP genes from subfamilies 2 and 3 were also downregulated in mammary tissue treated with 4′-BF or sulforamate, indicating that this trend may be related to the activity of these compounds. However, the significant upregulation of the CYP19a1 gene with ILG treatment may counteract these positive effects. CYP19 encodes the aromatase enzyme, which is responsible for the final stages of estrogen biosynthesis and has been related to breast cancer, so its overexpression may account for the negative effect on the incidence of mammary tumors. In addition, as noted above, phytoestrogenic activity has been associated with ILG (11, 12) .
ILG was found to be a monofunctional inducer of phase II enzymes through a QR-1 assay in two mutant cell lines, and it was determined that induction by ILG was regulated by the antioxidant response element using stably transfected HepG2 cells. The expression of CYP1a1 is slightly elevated in liver tissue from rats treated with ILG. A lesser but similar increase was observed in liver from animals treated with sulforamate, another monofunctional inducer. However, treatment with 4′-BF, a bifunctional inducer, results in a 3,760-fold increase, 3 orders of magnitude greater than that caused by ILG or sulforamate. Clearly, aryl hydrocarbon hydroxylase activity can be induced to a much greater degree by the bifunctional compound. CYP1a1 is regulated by the aryl hydrocarbon receptor. Although the aryl hydrocarbon receptor gene is not significantly affected by ILG, expression of aryl hydrocarbon receptor nuclear translocator is increased in mammary and colon tissue. Overall, these results support the already comprehensive data showing that the activity of ILG is monofunctional.
In summary, multiple phase I and II metabolites of ILG were formed by rat liver microsomes and in human hepatocytes. Some of these metabolites are clearly of relevance because analogous observations were obtained with the intact rat. The liver produced a high rate of biotransformation. However, rat mammary gland exposure to ILG was low. This may explain why the in vivo study using a rat mammary tumorigenesis model showed predominantly negative results. In fact, the trend toward increasing tumor number suggests caution, possibly due to the estrogenic activity of ILG, as well as increased expression of CYP19a1. On the other hand, based on tissue distribution and modulation of biomarkers, ILG could be effective in the chemoprevention of cancer types such as liver or colon, so further investigation is required.
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